Phylogenetic diversity of cultivable actinobacteria isolated from sponges and associated 26 environments of intertidal zones, along the northern parts of west coast of India, were studied 27 using 16S rRNA gene sequences. A subset of actinobacteria were screened for three activities, 28 namely predatory behavior, antibacterial activity and enzyme inhibition. We recovered 207 29 isolates of actinobacteria belonging to 16 families and 25 genera, which could be attributed to 30 55 putative species using Poisson Tree Processes and 60 putative species based on Bayesian 31
provide opportunities to isolate novel therapeutic agents. 48
INTRODUCTION 49
The marine ecosystem is not only diverse with respect to microorganisms found in it but also 50 the natural products being synthesized by these microorganisms (Ward and Bora, 2006; Taylor 51 et al., 2007; Lam, 2006) . Actinobacteria are among the taxa rich in secondary metabolites 52 (Barka et al., 2016) and are widely distributed in diverse habitats including soil, marine and 53 freshwaters and sediments (Ward and Bora, 2006 Yang et al., 2015) and are also 57 found as endobiotic symbionts of higher organisms (Taylor et al., 2007; Li et al., 2015; 58 Mahmoud and Kalendar, 2016; Trujillo et al., 2015) . They belong to the phylum Actinobacteria 59 and represent one of the major phyla within the bacterial domain (Goodfellow, 2015) . They are 60 aerobic, spore forming, Gram-positive bacteria, which often produce diffusible pigments, and 61 occur as cocci or rods, branched filaments, aerial or substrate mycelium (Goodfellow, 2015) . 62
The marine ecosystems are believed to have a wide range of unexplored diversity of 63
Ecologically it is difficult to understand the production of extracellular metabolites or 74 enzymes by aquatic bacteria, since any molecule secreted outside the cell can be quickly 75 washed off. Extracellular products could be useful to the producer only in viscous or partially 76 enclosed environments. In the marine environment, sponges are likely to provide such closed 77 environment for bacteria. Sponges are filter feeders and collect small nutrient particles 78 including bacteria. This makes the environment locally nutrient rich in an otherwise 79 oligotrophic surroundings. Bacteria, especially actinobacteria, isolated from these sponges may 80 live in a symbiotic relationship that helps the host in defense against predation, sponge skeleton 81 stabilization, translocation of metabolites and help in nutritional process (Taylor et al., 2007;  Thomas et al., 2010) . In addition, since sponges are 84 sessile and lack other anti-predator defenses, secondary metabolites of bacteria can provide 85 them with chemical defense (Lee et al., 2001) . Therefore, we expect more secondary metabolite 86 related activities from sponge-associated actinobacteria. 87
Sponge-associated actinobacteria are likely to have another ecological role. Among 88 actinobacteria at least three genera, namely Agromyces, Streptomyces and Streptoverticillium, 89 are shown to be predators that kill and feed on other live bacterial cells (Casida, 1980; 1983; 90 Kumbhar et al., 2014) . Kumbhar and Watve (2013) argued that antibiotic activity might have 91 evolved primarily as a weapon in predation. However, the expression of secondary metabolites 92 during predation may be independent of antibiotic expression in pure culture; the latter is likely 93 to have evolved for mutualism with higher animal or plant hosts (Harir et al., 2018; Van der 94 Meij et al., 2017). Further, for a niche of predation in association with sponge, the predatory 95 species needs to protect itself from the digestive enzymes of the sponge as well as its own 96 enzymes used for predation. Therefore, predatory actinobacteria are also expected to have 97 efficient inhibitors of lytic enzymes. 98
In this study, we prepared an inventory of cultivable actinobacteria from sponges and 99 associated environments of intertidal zones along the northern parts of west coast of India and 100 studied their molecular diversity based on 16S rRNA gene sequences. We screened a subset of 101 randomly selected cultures for predatory activity, antibiotic production and enzyme inhibition 102 and tested their associations with each other and with the isolation source to test the hypotheses 103 mentioned earlier. Table S1 ). Only in the text, some isolates are assigned to known species based on BLAST 157 search and sequence identity more than 99%. 158 159 Screening for activities 160
Out of 207 actinobacterial isolates, 49 isolates were randomly selected for screening of three 161 activities, namely predation, antibiotic production and production of enzyme inhibition. Actinobacteria from sponges and associated environments showed a rich phylogenetic 240 diversity ( Figure 1 ). We obtained 207 actinobacterial isolates, from sponge and associated 241 environments, belonging to 16 families and 25 genera ( Supplementary Table S1 ). Species 242 delimitation based on Poisson Tree Processes (PTP) suggested that these isolates belong to 55 243 putative species, while Bayesian Poisson Tree Processes (bPTP) suggested 60 putative species. 244
The two species delimitation methods, PTP and bPTP, differed in the groups of species under S1). Air was generally devoid of actinobacteria and we recovered only three isolates from air, 247 belonging to genera Brachybacterium, Brevibacterium and Rhodococcus, as compared to 36 248 isolates from water, 90 isolates from sediment and 78 isolates from sponge. 249
From sponges, 15 genera under 11 families belonging to 30 putative species based on 250 PTP and 33 putative species based on bPTP were recorded ( Figure 1, Table 1 Streptomyces was the most dominant genus, which was found in both sponges and associated 268 environments. Nocardiopsis was the second most common genus with two dominant species that were recorded only from the environment, we provide first record of species such as 273 Aeromicrobium massiliense (MCC 6739) and Glutamicibacter mysorens (MCC 7825) from 274 marine waters. 275
276
Non-obligate epibiotic predatory activity. Out of the total 49 actinobacterial isolates 277 screened for non-obligate epibiotic predatory activity, 26 isolates showed predation on at least 278 one of the 14 target organisms ( Supplementary Table S2 ). Of the 26 isolates with predatory 279 behavior, 17 preyed on Gram-negative prey, 21 preyed on Gram-positive prey, while 12 preyed 280 on both Gram-negative and Gram-positive prey. There was no significant difference (Mann-281 Whitney U = 15, P = 0.2601) in the frequency of actinobacterial predators on Gram-negative 282 and Gram-positive prey ( Table 2) . Most actinobacterial predators (n = 14) preyed on a single 283 prey species while only a few predators preyed on multiple prey species with just a single 284 predator of the genus Streptomyces that preyed on 8 prey species. There was a significant 285 association between the source of isolation (sponge or associated environment) and predatory 286 behavior ( 2 = 6.200, P = 0.0128), where the isolates from sponge showed proportionately 287 more predatory behavior ( Figure 2) . 288
All eight isolates of Streptomyces used for screening showed predatory behavior and 289 preyed on both Gram-negative and Gram-positive prey ( Supplementary Table S2 ). Out of 25 290 isolates of Nocardiopsis, 12 showed predatory behavior, out of which 5 preyed on Gram-291 negative bacteria while 11 preyed on Gram-positive bacteria. Both the isolates of screened for antibacterial activity, 25 showed antibiosis against at least one target organism 298 ( Supplementary Table S2 ). Of these 25 isolates, all showed antibiosis against at least one of 299 the Gram-positive target species, while only five showed antibiosis against at least one of the 300
Gram-negative organisms. The frequency of antibacterial activity against Gram-positive 301 organisms was significantly higher (Mann-Whitney U = 1.5, P = 0.003) than those against 302
Gram-negative organisms ( Table 2 ). Most antibacterial activities were broad spectrum with 303 respect to the target organisms that they affected. There were 10 actinobacterial isolates that 304 showed antibiosis against two target organisms, 6 isolates that affected 4 target species and 2 305 isolates that affected 6 target species. There was no association between antibacterial activity 306 and the source (sponge or associated environment) of the isolation ( 2 = 2.543, P = 0.111). 307
Out of eight isolates of Streptomyces that were screened for antibacterial activity, five 308 showed antibiosis, of which two showed antibiosis against Gram-negative target species, while 309 all showed antibiosis against Gram-positive organisms. In the case of Nocardiopsis, of the 25 310 isolates used for screening 17 showed antibiosis, of which all affected growth of Gram-positive 311 organisms, while only two affected growth of Gram-negative organisms. Genus Kytococcus 312 showed antibiosis that affected both Gram-positive as well as Gram-negative organisms, while 313
Glutamicibacter and Rothia showed antibiosis against Gram-positive organisms only. 314 315 Enzyme inhibition. Out of 49 actinobacterial isolates screened for inhibition of four enzymes, 316 30 isolates inhibited at least one of the enzyme ( Supplementary Table S2 ). Of these 30 isolates, 317 28 inhibited trypsin, 24 inhibited chymotrypsin, three inhibited angiotensin converting enzyme 318 (ACE) and only two inhibited subtilisin. Venn diagram of frequency of isolates inhibiting 319 different enzymes (Figure 3) suggested that five isolates inhibited only trypsin and one isolate 320 each inhibited chymotrypsin and ACE, while subtilisin inhibition was accompanied by inhibition of other enzymes. No isolate inhibited all four enzymes. Out of 30 actinobacteria 322 that produced enzyme inhibitors, 19 produced two inhibitors, four produced three inhibitors 323 while seven produced only one of the four inhibitors. There was no association between the 324 enzyme inhibition and source of the actinobacterial isolate ( 2 = 2.2252, P = 0.1358). 325
Out of eight isolates of Streptomyces seven produced enzyme inhibitors against 326 proteases, while 12 out of 25 isolates of Nocardiopsis produced enzyme inhibitors of which 11 327 produced against proteases and two produced against ACE (Table 3) 
. One isolate of 328
Actinomycetospora inhibited activity of ACE. 329
330
Associations between different activities. Out of 49 actinobacterial isolates that were 331 screened for activities, 39 showed at least one of the three activities. Of these 39 isolates, 15 332 showed all three activities, while nine showed predation as well as enzyme inhibition (Figure  333   4 ). There were only seven isolates that showed predation and antibiotic production against the 334 same target organism (Table 2 ) and all these isolates belonged to genera Streptomyces and 335
Nocardiopsis. 336
Antibiotic production showed no significant association with predation ( 2 = 2.4522, P 337 = 0.11736) or any of the four enzyme inhibition ( 2 = 0.98702, P = 0.32047). However, there 338 were significant associations between predation and protease inhibitors ( Figure 5 ). There were 339 24 isolates that showed both predation as well as inhibition of at least one enzyme and there 340 was a significant association between the two activities ( 2 = 22.543, P < 0.0001), where 341 predators proportionately produced more enzyme inhibitors than non-predators (Figure 5a) . 342
There were 23 actinobacterial isolates that showed predation as well as trypsin inhibition and 343 there was a significant association between the two ( 2 = 22.185, P < 0.0001) with predators to produce chymotrypsin inhibitors than non-predators ( Figure 5c Streptoverticillium, are known to have predatory behavior against other bacterial species 381 (Casida, 1980; 1983; 1988; Kumbhar et al., 2014; Zeph and Casida, 1986 ). In the current study, 382 for the first time, we show predation in six other genera of actinobacteria, namely 383
Brevibacterium, Glutamicibacter, Micromonospora, Nocardiopsis, Rhodococcus and Rothia. 384 Kumbhar et al. (2014) argued that predatory behavior is widespread in genus Streptomyces and 385 even in the current study we observed that all the isolates of Streptomyces used for screening 386 showed predation on Gram-positive as well as Gram-negative prey. 387
Since sponges are sessile and lack other anti-predator defenses, it has been suggested 388 that secondary metabolites of bacteria can provide sponges with chemical defense (Lee et al., 389 2001; Kumbhar and Watve, 2013). However, we did not observe any significant association 390 between the source of actinobacterial isolation and antibiotic production, suggesting that 391 isolates even from environment were equally likely to produce antimicrobials as that of the 392 isolates recovered from sponges. However, there was a significant association between the 393 source of isolation and predatory activity, with proportionately more predators among the 394 isolates recovered from sponge. Ecologically this makes sense. As the sponges are filter feeders 395 and have regular intake of environmental bacteria, sponge associated actinobacteria will have 396 better predation opportunities. It is also possible that the predatory activity of sponge associated 397 actinobacteria, could have evolved as a mutualistic activity as it can defend sponges from 398 pathogenic bacterial invasions. 399
Actinobacteria are known to produce several enzyme inhibitors (Manivasagan et al., 400 2015; Imada, 2005) . However, for the first time we show a strong association between 401 predation and enzyme inhibition, specifically inhibition of trypsin and chymotrypsin, where 402 predators produced proportionality more enzyme inhibitors as compared to non predators. 403
Predators themselves are known to produce a variety of hydrolytic enzymes for degrading the 404 prey (Pérez et al., 2016). Therefore, it is possible that the production of enzyme inhibitors 405 safeguards their own cells from being target of the enzyme. It is also possible that enzyme 406 inhibitors also protect the actinobacteria from hydrolytic enzymes produced from the sponge 407 host and other microbiota. 408
An interesting observation that we made, when comparing the predation and antibiotic 409 production by actinobacteria, was that, while predation was equally effective against Gram-410 positive as well as Gram-negative target species, antibiotic production was mainly effective 411 against Gram-positive bacteria. It is therefore possible that studying the predatory behavior of 412 actinobacteria and predation specific metabolites could lead to discovery of novel therapeutic 413 agents that are more broad-spectrum. 414
Although actinobacteria are known to be rich in secondary metabolites, extracellular 415 enzymes and enzyme inhibitors, the ecological role of these extracellular bioactive molecules 416 is little known. We suggest that studying the ecological correlates of bioactivity and the inter-417 correlation patterns of different types of bioactivity can be a useful tool in understanding the 418 ecological origins of bioactivity and testing alternative ecological hypotheses. 419 420 of India, are rich in actinobacterial diversity with 16 families and 25 genera, which could be 424 attributed to 55 putative species using PTP and 60 putative species based on bPTP methods. 425 Although, at the genus level, the trends in the discovery of actinobacteria isolated from sponges 426 was consistent with previous studies from different study areas, we provide first report of six 427 species, namely Brachybacterium murisi, Nocardiopsis salina, Pseudonocardia kongjuensis, 428
Rhodococcus zopfii, Rothia terrae, Streptomyces smyrnaeus and Streptomyces 429 viridobrunneus,. Non-obligate epibiotic predatory behavior was widespread among 430 actinobacterial genera and we provide first report of predatory activity in Brevibacterium, 431
Glutamicibacter, Micromonospora, Nocardiopsis, Rhodococcus and Rothia. Sponges 432 associated actinobacteria showed significantly more predatory behavior than environmental 433 isolates, and we hypothesize that predatory actinobacteria might provide sponges with defense 434 against pathogenic bacteria. While antibiotic produced from actinobacterial isolates affected 435
Gram-positive target bacteria with little to no effect on Gram-negative bacteria, predation 436 targeted both Gram-positive and Gram-negative prey with equal propensity, suggesting that 437 study of predation specific metabolites might provide novel therapeutic agents with broad-438 spectrum. Actinobacterial isolates from both sponge and associated environment produced 439 inhibitors of serine proteases and angiotensin converting enzyme. Predatory behavior was 440 strongly associated with inhibition of trypsin and chymotrypsin, which might be helpful for the 441 actinobacteria for overcoming effects of proteolytic enzymes produced by sponge host and 442 Supplementary Table S1 and Table S2 accompanies the online 468 version of the paper. 469
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